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Abstract. We have studied the focusing properties of two highly oriented pyrolitic graphite
(HOPG) spectrometers, which differ in the degree of the mosaic spread: ZYA with a low mosaic
spread (γ � 0 � 4o) and ZYH with a large mosaic spread (γ � 3 � 5o). In order to asses the crystal per-
formance for a variety of different experiments, various Kα and Kβ x-ray lines have been produced
using a high-intensity (

�
� 1017 W/cm2) short-pulse ( � 100 fs) laser beam focused onto Ti, V, Zn,

and Cu foils. The measured spectral resolution of the HOPG crystals in both first and second order
diffraction has been compared with theoretical predictions. Using known values for the peak reflec-
tivity of HOPG crystals, we have also computed Kα x-ray conversion efficiencies of Ti, V, Zn, and
Cu. These results are important to estimate the optimal conditions under which different types of
HOPG monochromators can be used for the detection of weak x-ray signals as the one encountered
in x-ray Thomson/Compton scattering experiments.

1. INTRODUCTION

Highly mosaic crystals are of particular interest because their unique crystal plane
structure enables them to be highly efficient x-ray diffraction instruments. These type of
crystals, for example, have been successfully used in novel x-ray scattering experiments
on warm dense matter [1] for x-ray energies � 4.75 keV. On the other hand, photon
energies

�
� 10 keV are likely to be required for the probing of super-dense states of

matter, as the ones encountered in inertial confinement fusion (ICF) experiments [2].
The aim of this work is to characterize the dispersion and resolution of two different
types of mosaic crystals and to ascertain their effectiveness for use in x-ray scattering
experiments, especially when the detection of very weak signal requires high reflectivity
and good spectral resolution.

2. EXPERIMENT

The experimental setup is illustrated in Fig. 1. Using the ultra-short pulse (USP) facility
at the Lawrence Livermore National Laboratory, a � 400 mJ, λ � 800 nm laser with
pulse length of 100 fs has been used to illuminate Ti, V, Cu, and Zn foils in order
to produce Kα and Kβ x-ray emission lines by electron collision excitation of inner
shells. To reduce source broadening the laser was focused to a spot size of 28 µm. The
laser intensity was � 4 	 1017 W cm 
 2. To resolve the x-ray lines we have used high
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FIGURE 1. Schematic of the experimental setup.

efficiency, highly oriented pyrolitic graphite (HOPG) Bragg crystals. The crystals were
used in the mosaic focusing mode, placed at 10 cm from the foil and the image plane,
located at the same distance from the crystal as the x-ray source [3]. A vacuum CCD
detector (256 	 1024 array with 26 µm pixel size) was used to detect the Bragg scattered
photons at the image plane. Low energy photons and visible light were rejected by using
a 250 µm beryllium filter. Two different types of HOPG crystals have been tested:
an Advanced Ceramics ZYA crystal with mosaic spread γ � 0 � 4o and an Advanced
Ceramics ZYH crystal with mosaic spread γ � 3 � 5o. We recall that the mosaic spread
(γ), is the FWHM of a Gaussian distribution of crystal plane orientations off the normal
axis to the surface. As explained, for example, in Ref. [4], the random distribution of
scattering planes of the crystal allows a fan of x-rays of the same energy, emitted by
a point source, to always find a crystal plane at the correct Bragg angle, and to be re-
focused on a single point at the image plane. Mosaic focussing is thus achieved. Clearly,
a larger mosaic spread crystal would allow, in principle, to find reflecting planes at the
correct Bragg angle but separated at larger distances on the crystal surface and thus
averaging more over local non-uniformities in crystal Bragg reflectivity. On the other
hand, the overall reflectivity of the crystal may be reduced as the mosaic spread is
increased if the angular spread subtended by the finite crystal length is not sufficiently
large to cover all the possible range of plane orientations. We will discuss both these
effects in the following section. Both crystals had the same dimensions of 24 mm by 24
mm and a thickness of 2 mm. The separation between the mosaic crystal planes for both
crystals is d � 0 � 3354 nm.

3. RESULTS AND DISCUSSION

For mosaic focusing, the Bragg relationship must be satisfied: nλ � 2d sinθB, where
n is the diffraction order, λ is the x-ray wavelength, and θB is the Bragg angle. By



differentiating the Bragg’s law, we obtain a simple estimate of the crystal dispersion:

∆λ
λ

�
∆E
E

�
∆θ

tanθB

� (1)

where E is the x-ray energy and ∆θ is the angular spread of the incident x-ray radiation.
On the other hand, the spatial distribution of energies (i.e., the dispersion) at a normal
image plane is

∆E
∆x

�
E

2F tanθB

� (2)

with F � 10 cm is the focal length (source to crystal distance). There are several
broadening mechanisms which will affect the focus and resolution of the emission lines.
First, finite source size and natural linewidth of the source emitter must be accounted for.
For example, for first order diffraction with a Ti Kα line, we have ∆E

�
E � 3 � 1 	 10 
 4

from source broadening and ∆E
�
E � 2 � 1 	 10 
 4 from the natural linewidth of the line

[5]. The HOPG has an intrinsic defocusing effect, which is given by the intrinsic rocking
curve of Bragg reflections [4], giving ∆E

�
E � 1 � 9 	 10 
 4. Lastly, since a fraction of

these high energy photons will penetrate deep (
�
� 100 µm) into the crystal, there can be

a significant volume diffraction which broadens the blue wing side of the diffracted line.
Such as volume (depth) broadening is given by�

∆E
E � depth � λm f p

2F
cosθB � (3)

where λm f p is the mean free path of the photons in the crystal. For Ti Kα we get

∆E
�
E � 1 � 4 	 10 
 3. For the conditions of our experiments we find that this depth effect

is the dominant broadening mechanism, and it becomes especially important at higher
energies E

�
� 10 keV. Crystal surface roughness also has a defocussing effect similar to

the depth broadening [6]. It is estimated as ∆E
�
E � 1 � 0 	 10 
 3.

Figure 2 shows the Kα and Kβ emission spectra for Ti, V, Cu and Zn foils imaged
using a ZYA crystal. In 1st order, with ZYA and ZYH crystals, the measured dispersions
for the four Kα energies were within 10% of the calculated theoretical values. For Cu
and Zn there are pronounced wings to the higher energy side of their Kα lines due
to increasing importance of the volume diffraction mechanism at the higher photon
energies. We also notice from the Zn spectrum line-out a small shoulder on the low
energy side of the Kα peak. This point agrees with the position of the lower energy Kα2
line, so each Kα line in Figure 2 is actually the convolution of the unresolved Kα1 and
Kα2 lines. As shown in Figure 3, Kα images obtained with ZYH crystals appear more
uniform than for ZYA crystals, since, as discussed previously, the larger mosaic spread
allows x-rays to be diffracted from a larger spatial portion of the crystal, thus averaging
over local crystal imperfection. However, the spectral resolution of the ZYH crystal is
worse as it is more sensitive to depth broadening than the ZYA, since a given photon will
penetrate further on average before meeting a plane at the correct Bragg angle. In Figure
3, we have also compared the Kα and Kβ spectra of Zn using a ZYA crystal in both
1st and 2nd order diffraction (n � 1, and n � 2). Even in 2nd order we are still unable to
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FIGURE 2. Kα and Kβ emission spectra for Ti, V, Cu and Zn foils imaged using a ZYA crystal in 1nd

order diffraction. Line-outs are averaged over full spectrum.

clearly resolve the Kα1 peak from the Kα2 peak, thus confirming the importance of the
depth broadening mechanism in determining the measured linewidth (the dependence
cosθB given in Eq. 3 confirms that there only is a small change in the line broadening
going from first to second order).
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FIGURE 3. Kα and Kβ emission spectra for Zn in 1st and 2nd order diffraction, and with ZYA and
ZYH crystals.

Given the total laser energy incident on the foil, we can estimate the corresponding
x-ray conversion efficiencies (CE) in the Kα emission line:

�

E �
8π qIcts gCCD geh F

LQE Tr rp ∆yθxtal

� (4)



where Icts is the total integrated number of CCD counts on the detector integrated over
the non-dispersive axis (∆y � 6 � 656 mm), q is the electric charge, L is the laser energy in
the shot, QE is the quantum efficiency ( � 0 � 65 for Ti and V lines, � 0 � 2 for Cu and Zn
lines), gCCD � 3 � 5 is the CCD gain (in electrons/counts), E

�
geh � E

�
3 � 6 is the number

of electron-hole pairs produced per incident photon of energy E, Tr is the Be filter
transmission, and rp is the crystal peak reflectivity. We also have θxtal � min

�
γ � ∆θ � ,

being ∆θ the geometrical acceptance angle subtended by the 24 mm long crystal. Using
the tabulated values for ZYA peak reflectivity [7], we were able to obtain estimates of

�

E for Ti, V, Cu and Zn. The results are given in Table 1. Also, using these estimates
for the conversion efficiency, we can calculate rp values for the ZYA crystal in 2nd order
and the ZYH crystal in 1st and 2nd order. These results are also presented in Table 1.

The values of the calculated conversion efficiencies to Kα emission are of the order
of 0.01%, which is consistent with previous published work [8]. We find that peak
reflectivity of the ZYA crystal are on the same order when used in both 1st or 2nd order,
and similarly rp values for the ZYH crystal in 1st and 2nd are also comparable. It is also
seen that the rp values for the ZYH crystal in 1st or 2nd order are approximately an order
of magnitude less than the peak reflectivity values for the ZYA crystal. The integrated
reflectivity (γrp) of both crystals are

�
� 3 mrad, about 30 times higher than for commonly

used less mosaic crystals such as LiF or PET [9].

4. CONCLUSIONS

Our results show that HOPG crystals can be used to record weak line emission from sub-
kJ laser plasmas We have seen that the broadening due to the depth effect is the dominant
broadening mechanism at energies above � 9 keV, as expected, and it increases with
increasing mosaic spread and photon energy. We can therefore conclude that the ZYA
crystal with the smaller γ provides better resolution of the collected x-rays at higher
energies. Also, it was found that the peak reflectivity for the ZYA crystal in 1st order
is an order of magnitude greater than the peak reflectivity of the ZYH crystal in the
same diffraction order. Measured results also indicate that that the reflectivity of either
crystal does not decrease significantly from 1st order when used in 2nd order, and it
is of the order of 3 mrad. These results seem to confirm that, if high sensitivity is
required, ZYA in both first and second order is well suited for the detection of weak
signals, as required in x-ray Thomson/Compton scattering experiments to probe dense
and warm states of matter [10]. Moreover, the sharpness of the red wing is well suited for
diagnostics attempting to resolve the red-shifted plasmon satellite for future collective
x-ray scattering experiments.
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